We evaluate the tc and tū productions at the LHC within the general unconstrained MSSM framework. We find that these single top quark productions induced by SUSY-QCD FCNC couplings have remarkable cross sections for favorable parameter values allowed by current low energy data, which can be as large as a few pb.
Introduction
The flavor dynamics, such as the mixing of three generation fermions and their large mass differences observed, is still a great mystery in particle physics today. The heaviest one of three generation fermions is the top quark with the mass close to the electroweak (EW) symmetry breaking scale. Therefore, it can play a role of a wonderful probe for the EW breaking mechanism and new physics beyond the standard model (SM) through its decays and productions. An important aspect of the top quark physics is to investigate anomalous flavor changing neutral current (FCNC) couplings. Within the SM, FCNC is forbidden at the tree-level and highly suppressed by the GIM mechanism [1] at one-loop level. All the precise measurements of various FCNC processes, for example, b → sγ [2] , agree with the SM predictions. However, many new physics models allow the existence of the tree-level FCNC couplings, and may enhance some FCNC processes. In particular, the minimal supersymmetric standard model (MSSM) is one of the most popular new physics models.
And it is hard to believe that this model will say no more about the flavor dynamics than the SM. The MSSM includes 105 free parameters beyond the SM: 5 real parameters and 3 CP-violating phases in the gaugino/higgsino sector, 21 squark and slepton masses, 36 new real mixing angles to define the squark and slepton mass eigenstates, and 40 new CP-violating phases that can appear in squark and slepton interactions [2] , so in general, it can provide a new explanation of the source of FCNC couplings. Actually, many of the parameters are constrained by present experimental data, and some popular SUSY models, for example, the gravity-mediated supersymmetry broken model (SUGRA) [3] , gauge mediated supersymmetry broken model (GMSB) [4] , anomaly mediated supersymmetry broken model (AMSB) [5] , gaugino mediated supersymmetry broken model (gMSB) [6] and Kaluza-Klein mediated supersymmetry broken model [7] , make some ad hoc assumptions to reduce the number of independent parameters. Although the predictions of these models can agree with the present constraints from FCNC experiments, it should be noted that few experimental constraints on the top quark FCNC processes are available so far [2] . Since the CERN Large Hadron Collider (LHC) can produce abundant top events, the measurement of the top quark rare processes will become possible. Therefore, a good un-derstanding of the theoretical predictions of these processes, especially within the general unconstrained MSSM framework, is important. And a careful investigation will provide some clues to the constraint relations among the supersymmetry (SUSY) parameters and more clear information about the SUSY breaking mechanisms.
The top quark FCNC processes have been investigated in detail. There are two categories of these investigations, one of which is the top quark FCNC decays [8] , especially for t → cg [9, 10] and t → ch [11] in the MSSM. These results show that the branch ratio of t → cg can reach 10 −4 [10] , which enhances the one in the SM (∼ 10 −11 ) significantly.
The other category is the top quark productions through FCNC processes [12] - [17] , ones of which induced by the anomalous top quark FCNC couplings at the colliders have been extensively discussed in a model independent way [12] - [16] and model dependent way [17] , respectively. As we know, most of the works within SUSY models are limited in some constrained MSSM, where the top quark FCNC couplings were studied through some SUSY-CKM matrices or mass insertion approximation [18] . However, it is interesting to study the top quark FCNC productions using soft SUSY broken parameters directly, and then establish some relations between the production cross sections and soft SUSY broken parameters in the mass eigenstate formalism [19, 20] . Actually, the general framework with SUSY FCNC mechanisms was presented several years ago [21] , and there have been a lot of works studying SUSY FCNC processes within this framework [19, 20] . But the top quark SUSY FCNC production processes have not been studied in above framework so far, and this means that the relations between the observables of the top quark production processes and the mixing among up squarks involving the third generation have not been established yet. In this paper, we will investigate the single top quark productions at the LHC induced by SUSY FCNC couplings in the general unconstrained MSSM, which include the top quark productions associated with the anti-charm quark and the anti-up quark, and we believe that it is an important step towards revealing the top quark SUSY FCNC couplings and exploring some relations among SUSY broken parameters at the LHC.
The paper is organized as follows: In Sec. 2 we describe the general framework of SUSY FCNC mechanisms. In Sec. 3 we evaluate the total production cross sections of the pp → tc(ū) process induced by SUSY FCNC couplings, and the detail expressions for various couplings and form factors are given in the Appendices A and B, respectively. In Sec. 4 we present our numerical calculations and discussions. Finally, Sec. 5 gives our conclusions.
The FCNC in the MSSM
In order to make our paper self-contained, we start with a brief description of the FCNC mechanism in the MSSM, as shown in Ref. [21] , and establish our notation conventions.
The SUSY part of the MSSM Lagrangian is
Here the subscript G represents color, weak isospin and supercharge indices of the SM doublets, and their vacuum expectation values are
where v = ( √ 2G F ) −1/2 = 246 GeV, and the angle β is defined by tan β ≡ v 2 /v 1 , the ratio of the vacuum expectation values of the two Higgs doublets. µ is the Higgs mixing parameter.
The soft SUSY breaking Lagrangian is
U,D and A U,D are the soft broken SU(2) doublet squark mass squared matrix, the SU(2) singlet squark mass squared matrix and the trilinear coupling matrix, respectively.
, the lepton and quark mass eigenstates are given
Their corresponding diagonal 3 × 3 mass matrices are
As in the SM, the Cabbibo-Kobayashi-
L . It is convenient to specify the squark mass matrices in the super-CKM basis, in which the mass matrices of the quark fields are diagonalized by rotating the superfields. The super-CKM basisŨ 0 is defined asŨ
approximation is no longer valid [19, 20] . Therefore, we use the general mass eigenstate formalism as described above, which has been adopted in the literatures recently [10, 19, 20] . So any effects of SUSY FCNC couplings in loops on various observables will provide some information of the SUSY breaking mechanism.
In practical calculations, because the squark mass matrix M 2 U is a 6 × 6 matrix, it is very formidable to calculate the effects arising from the matrix on the observables of FCNC processes. Thus, as shown in Ref. [10, 19, 20] , it is reasonable to calculate the observables by only switching on one off-diagonal element in (M [19, 22] ,
) LL can be written as follows:
and analogously for all the other blocks.
3 The process pp → tc(ū) induced by SUSY FCNC couplings
The process pp → tc(ū) at the LHC can be induced through the SUSY-QCD FCNC couplings with the initial partonic states uū, dd, ss, cc, uc, cū and gg, as shown in Fig.1 .
Our practical calculations show that the contributions from the bb, bs and sb initial states are negligibly small, so we do not discuss them below. As the tū process is completely similar to the tc one, here we only discuss the situations of tc in detail. Neglecting the charm quark mass, the amplitude of the process gg → tc can be written as
where M 
and
respectively. Here f 
where
, (R,L) and (R,R), respectively. And the amplitude for the quarks initiated subprocesses can be expressed as
where the g iαβ are form factors which can be fixed by the straightforward calculations of the relevant diagrams. However, the Feynman diagrams contributing to the subprocesses with the different initial states can be different. We first describe the amplitude of the subprocess cc → tc, which has the largest set of Feynman diagrams, i.e. all diagrams in Fig.2 , and the explicit expressions of the non-zero g iαβ of each diagram can be found in Appendix B. In Table 1 we list all other channels that can contribute to tc(ū) production and their related Feynman diagrams, and their corresponding form factors can be obtained from ones of cc → tc by modifying some couplings as shown in the Table. The partonic level cross section for κλ → tc iŝ
where √ŝ is the c.m. energy of the κλ (gg or q ′q ) states. The total hadronic cross section for pp → κλ → tc can be written in the form
channel related diagrams in Fig.2 form factors are defined in the Appendix A. The subscript ρ represents the corresponding diagram.
Here √ s is the c.m. energy of the pp states, and dL/dz is the parton luminosity, defined
where f κ/p (x, µ) and f λ/p (z 2 /x, µ) are the κ and λ parton distribution functions, respectively.
Numerical calculation and discussion
In the following we present some numerical results for the total cross section of the single [24] . Finally, there also are constraints on the up squark mass matrix from the chargino contributions to b → sγ [19, 28] . Taking into account above constraints, in our numerical calculations, we use the following limits: one is that the cross sections increase rapidly with the mixing parameters increasing, and the other is that the cross sections depend strongly on the gluino mass mg, but weakly depend on tan β (so we just discuss the results for tan β = 30 below). Comparing with above cases, the dependence on M SUSY is medium. Fig. 3 shows that in general the production rates of gluon fusion processes are several times larger than ones of the′ annihilation, and these rates all depend strongly on the gluino mass mg. For example, assuming (δ 13 U ) LR = 0.7 and tan β = 30, the production rates of gg → tū decrease from 700 fb at mg = 200 GeV to 70 fb at mg = 500 GeV. Figs. 5 and 6 give the cross sections as the functions of (δ 13 U ) and (δ 23 U ) in the RR block, respectively. We can see that the cross sections of tū production are larger than ones of tc production for the case where (δ 13 U ) RR = 0 and all the other mixing parameters are set to be 0, and in contrast with this case, the cross sections of tc production are larger than ones of tū production for the case of (δ for the typical parameters, respectively. In general, those interference effects enhance the cross sections. And the interference effects for tū production are very similar to the case of tc production and are shown in Fig. 10 . Although the interference effects do not change the cross sections of single top quark production at the LHC significantly, the consideration of them is of importance to reveal the details of flavor changing mechanism.
Finally, for convenience, we list some typical results in Table 2 . GeV and mg = 200 GeV, the off-diagonal element in the table equals to 0.7 and others are set to zero.
Conclusions
We have evaluated the tc and tū productions at the LHC within the general unconstrained MSSM framework. These single top quark productions are induced by SUSY-QCD FCNC couplings and have remarkable cross sections for favorable parameter values allowed by current low energy data, which can be as large as a few pb. It has been pointed out [13] that the top quark FCNC production signals are more accessible than the top quark FCNC decay signals. And according to the model independent analysis in Ref. [14] , it is possible to observe FCNC effects through single top quark productions at the LHC. Thus, our above results show that once large rates of the tc and tū productions are detected at the LHC, they may be induced by SUSY FCNC couplings, and such flavor changing must come from the LR or RL block, which is related to the soft trilinear couplings A U .
Therefore, we believe that the precise measurement of single top quark production cross sections at the LHC is a powerful probe for the details of the SUSY FCNC couplings. 
A Couplings
Here we list the relevant couplings in the amplitudes. i, j stand for generation indices and r, s stand for color indices.
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B Form Factors
This appendix lists all the form factors in the amplitude of various subprocess of pp → tc, in terms of 2,3-and 4-points one-loop integrals [29] . For convenience, we define the abbreviations of one-loop integrals as following:
Below we display the non-zero form factors for the gluon fusion subprocess (we only display the odd number form factors, and the even number ones can be obtained by the replacement of V 4L ↔ V 4R and V 5L ↔ V 5R correspondingly). For self-energy diagram (see Figs.1(a)-(e) ), f i s are:
For vertex diagram Figs.1(f), (g) and (h), the non-zero form factors f i t are: 
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For the quarks initiated subprocesses, we list all form factors of cc initial state: 
